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Abstract
We study the single longitudinal-spin asymmetries in lepton-pair production with
large transverse-momentum at RHIC and J-PARC experiments. The asymmetries in
the azimuthal angular distribution of a lepton can arise from an absorptive part of
production amplitudes. We revisit the one-loop calculation for the absorptive part of
production amplitudes in perturbative QCD, and show that the asymmetries can be
sizable at RHIC and J-PARC. Measurement of the asymmetries would test the one-
loop prediction for the scattering phase of this process, and provide support for a study
of the single transverse-spin asymmetries in the same kinematical region.
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Single longitudinal-spin asymmetries (SLSAs) in the Drell-Yan process can arise in the
angular distribution of a lepton, when the lepton pair has non-zero transverse momentum
(qT ). The asymmetries are na¨ıvely T -odd, and thus result from the complex phase of the
production amplitude. In the QCD collinear formalism at leading-twist level, a leading-order
contribution to the complex phase comes from one-loop amplitudes with on-shell intermedi-
ate state. The one-loop calculation of the imaginary part of the Drell-Yan amplitudes has
been performed in Refs. 1) and 2), where possibly large asymmetries are predicted. Re-
lated calculations have been also done for na¨ıve-T -odd asymmetries in W -jet3) and Z-jet4)
events at hadron colliders. Because na¨ıve-T -odd asymmetries in hard processes have not
been tested yet experimentally, measurement of such SLSAs is of great interest.
On the other hand, single transverse-spin asymmetries (STSAs) have been part of recent
primary progresses in hadron-spin physics, since the discovery of the large STSAs in several
experiments. STSAs require chirality flip of the amplitude, in addition to the scattering
phase. In the collinear formalism, the STSAs call for higher-twist distributions to achieve
the chirality flip, and pole of propagators to the scattering phase.5)–7)
For the small-qT case, there exists another approach to describe the STSAs, based on
the formalism with transverse-momentum-dependent parton distributions.6), 8), 9) Although
an overlap region to be described simultaneously by the two formalism is pointed out,6) it is
meaningful to know which approach is effective at a certain kinematical point. In most of the
experiments, the SLSAs and the STSAs can be measured at same kinematical points in one
experiment. Therefore, measurement of SLSAs which have less ambiguity theoretically may
become a key reference to that of STSAs where the unknown non-perturbative functions are
involved.
In this paper, we revisit the results of Refs. 1) and 2) and give phenomenological studies
for the SLSAs in the Drell-Yan process for the RHIC and J-PARC experiments. We consider
productions of a lepton pair with large transverse-momentum, in collisions of longitudinally-
polarized proton and unpolarized proton;
~p+ p→ ℓ− + ℓ+ +X. (1)
Defining the spin-dependent cross section as ∆σ = (−→σ −←−σ )/2, where −→σ (←−σ ) denotes
the cross section for the collision of polarized proton with positive (negative) helicity, the
SLSAs are expressed in the lepton angular distributions as1), 2)(
dσ
dQ2dq2Tdy
)−1
d∆σ
dQ2dq2TdydΩ
=
3
16π
[
AL1 sin 2θ sinφ+ AL2 sin
2 θ sin 2φ
]
. (2)
2
Q2 is the invariant mass of the lepton pair, qT is transverse momentum of the lepton pair
with respect to the collision axis, and y is the rapidity of the lepton pair in the center of
mass frame of the protons where the z-axis is along the three momenta of polarized proton.
The spin-independent cross section is defined as σ = (−→σ +←−σ )/2, and dΩ = d cos θdφ where
θ, φ are polar, azimuthal angles of a lepton ℓ−, respectively, in a rest frame of the lepton
pair. Coordinates of the rest frame are fixed to the Collins-Soper frame,10) so the z axis is
taken to bisect the opening angle between ~p~p and −~pp, and the y axis is along the direction
of ~p~p × (−~pp). The azimuthal angle is measured from the x axis which lies in the scattering
plane.
The structure functions for the SLSAs, AL1,L2, are calculated as,
AL1,L2(Q
2, q2T , y) =
∑
a,b
∫
dY ∆Da/p(x+, µ
2)Db/p(x−, µ
2)gab1,2(z, cos θˆ)∑
a,b
∫
dY Da/p(x+, µ2)Db/p(x−, µ2)fab(z, cos θˆ)
, (3)
where Da/p and ∆Da/p are the unpolarized and longitudinally-polarized parton distribution
functions (PDFs) of proton, respectively,
x± =
√
sˆ
s
e±Y , sˆ = Q2 +
2q2T
sin2 θˆ

1 +
√
1 +
Q2 sin2 θˆ
q2T

 , cos θˆ = tanh (y − Y ), (4)
and z = Q2/sˆ. AL1,L2 are expressed in terms of weighted integrals of spin-dependent cross
section as,
AL1,L2(Q
2, q2T , y) =
(∫
dΩ ω1,2(θ, φ)
d∆σ
dQ2dq2TdydΩ
)/(
dσ
dQ2dq2Tdy
)
, (5)
where the weight functions are ω1 = 5 sin 2θ sin φ and ω2 = 5 sin
2 θ sin 2φ.
In the leading order (LO), the hard part functions fab and gabi in Eq. (3) have contributions
from the annihilation subprocess qq¯ → ℓ−ℓ+g and the Compton subprocess qg → ℓ−ℓ+q
(q¯g → ℓ−ℓ+q¯). fab are calculated from tree-level diagrams, and gabi from the one-loop
diagrams, in the LO.
Here, we reproduce the results of Refs. 1) and 2), following the notation of Refs. 3) and
4). For the spin-independent functions,
f qq¯(z, cos θˆ) = e2q
CF
N
1
1 + 1/z
f qq¯1 , f
qg(z, cos θˆ) = e2q
TF
N
1
1 + 1/z
f qg1 , (6)
with
f qq¯1 =
a2 + b2
2ab(1 − c) , f
qg
1 =
b2 + (a + b− 2ab)2
2(1− a)bc , (7)
3
and f q¯q1 = f
qq¯
1 (a↔ b), f gq1 = f qg1 (a↔ b), where
a =
2z
1 + z − (1− z) cos θˆ , b =
2z
1 + z + (1− z) cos θˆ , (8)
and c = a+ b− ab. eq is the electromagnetic charge of quarks, and color factors are N = 3,
CF = 4/3, TF = 1/2 and C1 = −1/6.
For the spin-dependent functions,
gqq¯1,2(z, cos θˆ) = −e2qαs
CF
N
1
1 + 1/z
f qq¯8,9 , g
qg
1,2(z, cos θˆ) = −e2qαs
TF
N
1
1 + 1/z
f qg8,9 , (9)
where
f qq¯8 =
c
2
√
1− c
[
− CF a
b
+ C1
1
1− a ln
a
c
]
− (a↔ b), (10)
f qq¯9 =
√
c
2
[
− CF a
2b
− C1 1
1− a
(
1 +
c
c− a ln
a
c
)]
+ (a↔ b), (11)
f qg8 =
c− b
2
√
1− c
[
− CF
(
a
b
− 1 + a
2
)
+ C1
{
b− 1 + a
c
(
b+
c− b
c
ln
1
1− c
)}]
, (12)
f qg9 =
c− b
2
√
c
[
− CF
(
a
2b
+
1 + a
2
)
+ C1
{
b+
a
c
ln
1
1− c −
1
1− a
(
1 +
a
c− a ln
a
c
)}]
. (13)
Similarly for other subprocesses, f q¯q8 = −f qq¯8 (a↔ b), f q¯q9 = f qq¯9 (a↔ b), and
f gq8 = f
qg
8 (a↔ b)− C1
a(1 − a)√
1− c , (14)
f gq9 = −f qg9 (a↔ b)− C1
c− a√
c
1
1− b
(
1 +
b
c− b ln
b
c
)
. (15)
The functions for anti-quark and gluon scattering are f q¯gi = f
qg
i , f
gq¯
i = f
gq
i for i = 1, 8, 9.
For a numerical estimate, we use the GRV98 (NLO MS scheme) parameterization11) for
the unpolarized PDFs, and the AAC03 parameterization12) for polarized PDFs. We set the
scale of PDFs and the strong coupling constant αs to µ = Q. In Fig. 1, we show the nu-
merical estimates of these asymmetries for RHIC ~pp collisions at
√
s = 200 GeV and Q = 5
GeV. We plot the asymmetries AL1 (left) and AL2 (right) for three different values of qT ;
1 GeV (dot-dashed), 3 GeV (dashed) and 5 GeV (solid). The absolute magnitude of the
asymmetries increases with qT , and becomes largest in large rapidity region, AL1 ∼ 5% and
AL2 ∼ 3.5%. For small qT , the asymmetries are predicted to be small over the whole y range.
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Fig. 1. Single longitudinal-spin asymmetries, AL1 (left) and AL2 (right) for
√
s = 200 GeV and
Q = 5 GeV. Asymmetries for three different values of qT are plotted; qT = 1 GeV (dot-dashed),
qT = 3 GeV (dashed) and qT = 5 GeV (solid). y denotes the rapidity of the lepton pair in the
center of mass frame of protons.
In the forward region (positive y), the asymmetries mainly come from subprocesses with po-
larized quarks. On the other hand, in the backward region (negative y) the asymmetries
receive dominant contributions from subprocesses with a polarized gluon.
In Fig. 2, we show the numerical estimates of these asymmetries for J-PARC experiment
with polarized-proton at
√
s = 10 GeV and Q = 2 GeV. The asymmetries for qT = 1 GeV
(dot-dashed), 1.5 GeV (dashed) and 2 GeV (solid) are plotted. The asymmetries amount to
AL1 ∼ 5.5% and AL2 ∼ ±5% in the large |y| region for qT = 2 GeV. For the J-PARC case,
the absolute magnitude of the asymmetries in the backward region are almost the same as
those in the forward region. This is because the asymmetries are proportional to ∆g/g in
the backward region, and the mean values of x+ are around 〈x+〉y=−1 ∼ 0.3-0.5 at J-PARC,
depending on qT , while 〈x+〉y=−3 ∼ 0.01-0.03 at RHIC. The asymmetries may be used to
constrain the parameterizations of polarized PDFs. In the backward lepton-pair production,
∆g/g at around 〈x〉 ∼ 0.01 (0.3) is tested at RHIC (J-PARC).
Finally, we make some remarks about the estimated asymmetries. Since our predictions
are based on the LO calculation, there exists a significant ambiguity in the choice of the scale
of the PDFs and αs. The asymmetries are O(αs), and therefore increase with decreasing
scale of αs. In case we take the scale as µ = qT , the asymmetries increase at most by
30%-50%, uniformly in y. QCD higher-order corrections have been known to change the
qT distribution of production cross-sections, especially for small-qT region (qT ≪ Q) by the
multiple soft-gluon emissions.13) However, even though we do not proceed to the small-qT
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Fig. 2. Same as Fig. 1 but for
√
s = 10 GeV and Q = 2 GeV. Asymmetries for three different
values of qT are plotted; qT = 1 GeV (dot-dashed), qT = 1.5 GeV (dashed) and qT = 2 GeV
(solid).
region, it is expected that these effects largely cancel out in the lepton’s angular asymmetries,
as far as the QCD collinear formalism is valid.14)
For the production of lepton pairs with small qT , the asymmetries are described by a
formalism with transverse-momentum-dependent parton distributions.15) In this formalism,
only the asymmetry AL2 is generated, while AL1 remains zero
∗).
In conclusion, we have studied the single longitudinal-spin asymmetries in lepton-pair
production at RHIC and J-PARC. The asymmetries in the azimuthal angular distribution
of a lepton arise from the absorptive part of the production amplitude, when the lepton pair
has non-zero transverse momentum. We re-analyzed the asymmetries in leading-order for
the RHIC and J-PARC experiments, and showed that they can be sizable for large qT and
at large forward or backward rapidity. This would be a good experimental test for the scat-
tering phase of the production amplitude, and the comparison with the one-loop calculation
in the collinear formalism may provide phenomenological supports for a study of the single
transverse-spin asymmetries at the same kinematical region.
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∗) The asymmetry AL2 is proportional to a product of chiral-odd distributions h
⊥
1 and h
⊥
1L, where the
former is T -odd (Boer-Mulders function). See Ref. 15) for the definition of these functions.
6
References
1) B. Pire and J. P. Ralston, Phys. Rev. D 28 (1983), 260.
2) R. D. Carlitz and R. S. Willey, Phys. Rev. D 45 (1992), 2323.
3) K. Hagiwara, K.-I. Hikasa and N. Kai, Phys. Rev. Lett. 52 (1984), 1076.
4) K. Hagiwara, T. Kuruma and Y. Yamada, Nucl. Phys. B 369 (1992), 171.
5) J.-W. Qiu and G. Sterman, Phys. Rev. Lett. 67 (1991), 2264; Nucl. Phys. B 378
(1992), 52.
6) X.-D. Ji, J.-W. Qiu, W. Vogelsang and F. Yuan, Phys. Rev. Lett. 97 (2006), 082002;
Phys. Rev. D 73 (2006), 094017.
7) H. Eguchi, Y. Koike and K. Tanaka, Nucl. Phys. B 763 (2007), 198.
8) D. W. Sivers, Phys. Rev. D 41 (1990), 83.
9) X.-D. Ji, J.-P. Ma and F. Yuan, Phys. Lett. B 597 (2004), 299.
10) J. C. Collins and D. E. Soper, Phys. Rev. D 16 (1977), 2219.
11) M. Glu¨ck, E. Reya and A. Vogt, Eur. Phys. J. C 5 (1998), 461.
12) M. Hirai, S. Kumano and N. Saito, Phys. Rev. D 69 (2004), 054021.
13) H. Kawamura, J. Kodaira and K. Tanaka, hep-ph/0703079.
14) D. Boer and W. Vogelsang, Phys. Rev. D 74 (2006), 014004.
15) D. Boer, Phys. Rev. D 60 (1999), 014012.
7
